
T

,CC1(IrAT FrI OF THIS PAGE

CNForm ApprovedCU M ENTATI ON PAG E OMB No. 0704-0188

A D-A 245 797 1b RESTRICTIVE MARKINGS

III 13 DISTRIBUTION /AVAILABILITY OF REPORT
Approved for public release; distribution2b DECLASSIFICATION / DOWNGRADING SCHEDULE is unlimited.

4 PERFORMING ORGANIZATION REPORT NUMBER(S) 5 MONITORING ORGANIZATION REPORT NUMBER(S)

Technical Report # 45
6a NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL 7a NAME OF MONITORING ORGANIZATION

(If applicable)
Massachusetts Inst. of Tech.

6c. ADDRESS (City, State, and ZIPCode) 7b ADDRESS (CMy, State, and ZIP Code)

Office of Sponsored Programs
M.I.T., Room E19-702, Cambridge, MA 02139

8a. NAME OF FUNDING/SPONSORING 8b OFFICE SYMBOL 9 PROCUREM;NT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)

Office of Naval Research I
8c. ADDRESS (City, State, and ZIP Code) 10 SOURCE OF FUNDING NUMBERS

Chemistry Division, Code 1113ES PROGRAM PROJECT TASK WORK UNITCeityDvsoCd113SELEMENT NO NO NO ACCESSION NO

800 N. Quincy
Arl ingtnn VA 92217_5nn n4K-053 O51-59N

11 TITLE (Include Security Classification)Use of High Lateral Resolution secondary Ion Mass Spectrometry to Characterize
Self-Assembled Monolayers on Microfabricated structures

12 PERSONAL AUTHOR(S)
C.D. Frisbie, J.R. Martin, R.R. Duff, Jr., M.S. Wrighton

13a TYPE OF REPORT 13b TIME COVERED 14 DATE OF REPORT (Year, Month, Day) 15 PAGE COjNT
technical ROM 9 TO2 _!__ 92/2/4 22

16 SUPPLEMEN TARY NOTATION

submitted for publication/published in: Journal of the American Chemical Society
17 COSATI CODES 18 SUBJECT TERMS (Conttnue on reverse if necessary and identify by block number)

FIELD GROUP SUB-GROUP microfabricated structures, mass spectrometry

19 ABSTRACT (Continue on reverse if necessary and identify by block number)

see attached document

DTIC,
S1 199 92-03266

20 DiSTRIBUTION/AVAILAB:LITY Or ABSTRACT 21 ABSTRACTSECURITY CLASS.;iCATIONElCUNCLASS;IED/UNLIMITED 0 SAME AS RPT 0J DTC USERS unclassified
22a NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE (Include Arpa Code) 22C OFFICE SYM8OL

Dr. Robert Nowak 202-AqA-1q4I
DD Form 1473, JUN 86 Previous editions are obsolete SECLRII (LASSIFCAT QN O 'HS , A ;

S/N 0102-LF-O14-6603



Office of Naval Research

Contract N00014-84-K-0553

Task No. 051-597

Technical Report #45

Use of High Lateral Resolution Secondary Ion Mass Spectrometry to
Characterize Self-Assembled Monolayers on Microfabricated Structures

by

C. D. Frisbie, J.R. Martin, R.R. Duff, Jr., and M.S. Wrighton

Prepared for Publication

in

Journal of the American Chemical Society

Massachusetts Institute of Technology
Department of Chemistry

Cambridge, MA 02139

Reproduction in whole or in part is permitted for any purpose of the
United States Government.

This document has been approved for public release and sale; its
distribution is unlimited.



[Prepared for publication as a Research Article in the Journal of the American Chemical Society]

Use of High Lateral Resolution Secondary Ion Mass Spectrometry to

Characterize Self-Assembled Monolayers on Microfabricated Structures

C. Daniel Frisbie, John R. Martin, Ronald R. Duff, Jr., and Mark S. Wrighton*

Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139

Accession For

NTIS GRA&I
rK1C TAF l]

Author to whom correspondence should be addressed. L I



2

Abstract

Secondary ion mass spectra of self-assembled monolayers (SAMs) of the thiol

containing molecules (ri-C5H5)Fe((r5-C 5H4)CO(CH2)IOSH], I, and C18H37SH, IlI, and

their isotopically labelled analogs (1j5-C 5Ds)Fe[(TiS-C 5 D4 )CO(CH2) JOSH], H, and C18D37 SH,

IV, on polycrystalline Au films are presented. These spectra were taken using a VG IX70S

magnetic sector SIMS instrument. Peaks corresponding to parent-like ions with the expected

isotopic shifts for I-IV were detected, verifying the presence of intact molecules of I-IV on the

Au. Molecular fragments of I-IV were also observed, eg. [(C5H5)Fe]+ for SAMs of I and

[(C5D5)FeI+ for SAMs of I1. Importantly, the use of SIMS to map the distribution of species

I on a Au microwire array (wires 4.8 gm wide, separated by 1.2 .m on a Si3N4 substrate) is

demonstrated. Comparison of maps of Fe and the molecular fragment [(C5H5)Fe] with Au+

and Si + maps show that I is found only on Au and not the Si3N4 substrate. The elemental and

molecular ion maps represent the detection of 300 million molecules of I per microwire at a

lateral resolution of less than 1 .m. Furthermore, each map was acquired in less than 40

seconds; comparable element mapping of Au microwires by Auger electron spectroscopy rakes

hours.
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Our work on the surface coordination chemistry of microfabricated structures has

inspired us to develop methodologies for detecting the presence of a monolayer of surface-

confined molecules at high lateral resolution. Previous work from this laboratory has

shown that it is possible to selectively derivatize microlithographically patterned Au and Pt

surfaces with self-assembled monolayers (SAMs) of redox active molecules, R-L, as

shown in Scheme I, where L is -SH or -NC, known to coordinate to Au and Pt.1-4

Scheme L Cross Sectional View of a Au Microwire Array Selectively Modified with

Redox Active Molecules R-L.
R R R R R R R R
I I I I I I I IAu R-L L L L L L L L LNI PI F.PI.I.I. L .IJ

Verification of the selective binding of intact molecules in our studies to date has been

provided by a combination of electrochemical and surface sensitive spectroscopic

techniques, including cyclic voltammetry, X-ray photoelectron spectroscopy (XPS) and

scanning Auger electron spectroscopy (AES). Of those techniques, only AES has the

ability to image the location of a specific element on a patterned surface with a lateral

resolution better than I p.m. Elemental mapping by AES was therefore the key to

demonstrating the selective binding of redox active molecules R-L to microfa.4,ated Au

structures relative to the Si 3N4 substrate. However, AES alone cannot estiblish the

binding of intact molecules, R-L, to Au, but can only confirm the presence of certain

characteristic elements, eg. S, in the case where L is -SH. Cycli,. voltammetry in

combination with the AES element maps was necessary to -.haw that molecules R-L were

bound only to the Au, as shown in Scheme I.

Secondary ion mass spectrometry (SIMS) is a surface senstive technique which in

principle could independently establish the biiding of intact molecules to microfabricated
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structures. 5,6 While XPS and AES are only element sensitive, SIMS detects molecular

fragments as weU as ,iemental ions. Therefore, the binding of intact molecules to

microfabricated structures could be accomplished by simply mapping the location of the

parent ion on the substrate. SIMS has already been shown to yield reliable "fingerprint"

spectra of molecular materials, 7-11 and high lateral resolution imaging of both inorganic and

organic materials has been demonstrated. 12,13 Characterizations of vapor deposited organic

films,10,1I Langmuir-Blodgett assemblies, 14-18 and silated surfaces 19 have also been

reported, verifying the ability of SIMS to detect monolayer quantities of organic materials.

Furthermore, Schweiters, e:.al. have shown the potential for using SIMS to characterize

patterned surfaces modified with molecular reagents. 20 Inspite of all this work, there has as

yet been no report on the SIMS characterization of SAMs, although closely related work on

surface induced dissociation (SD) of alkane thiols on Au has recently appeared. 2 1 We report

here the first use of SIMS to characterize SAMs of thiols I-IV on evaporated Au films.

D
DD

Fe D D

0 D

I I

HS(CH2)I 7 CH 3  HS(CD 2 )17 CD3

M'I IV

Importandy, we also demonstrate the use of SIMS to map at high lateral resolution the

location of redox-active molecules on microfabricated Au structures derivatized according

to Scheme I.
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Experimental Section

Chemicals.

ll-Mercaptoundecanoylferrocene (I) was synthesized according to our

previously published procedure.3

Cyclopentadiene.d6. 100 ml of dicyclopentadiene (Fluka, 95%, 98.6 g) was

cracked to cyclopentadiene monomer by distilling under Ar. A 250 ml round bottomed

flask was charged with 80 ml (64 g, 0.97 mot) of cyclopentadiene, 45 ml of dioxane

(Fisher), 45 ml D20 (Cambridge Isotopes) and 2 g KOH. The flask was fitted with a dry

ice condenser and stirred vigorously for 5 hours. The partially deuterated cyclopentadiene

was distilled under Ar directly from the reaction pot using a 10 cm Vigreaux column. The

collection flask was kept on ice to prevent redimerization. This isotope enrichment reaction

was repeated 4 times on the same 80 ml of cyclopentadiene. The entire procedure yielded

40 g of cyclopentadiene with at least 95% deuteration as determined by 1H NMR.

Ferrocene-d 0 . 1.9 g (0.026 mol) of cyclopentadiene-d6 was reacted with an

excess of Na metal (-2 g) in dry THF under Ar. This reaction mixture was cannulated into

a stoppered schlenk flask containing 1.4 g FeC12 (0.011 mol) dissolved in 250 ml dry

THF. The mixture was stirred vigorously. After 3 hours the solution was filtered and the

solvent removed. The ferrocene was extracted with hexane, isolated and sublimed. Mass

spectrometry showed greater than 96% deuterium incorporation.

11-Mercaptoundecanoylferrocene-d9 (11) was prepared using ferrocene-dio

and following an already published procedure. 3

Octadecyl mercaptan (HI) was purchased from Aldrich.

Octadecyl mercaptan-d37 (IV) was a gift from Paul Laibinis at Harvard

University. 22

Surface Modification of Au films and Au microwires. Au films were prepared

by electron beam deposition of 1000 A Au on a 4 inch Si wafer with a 50 A Ti adhesion

layer. The coated wafers were broken up into 1 cm x 3 cm slides and exposed to an 02
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plasma (100 watts, 150 mtorr) for 5 min. prior to derivatization. These slides were then

immersed in 1 mM EtOH solutions of the appropriate thiol for 16 hours at 298 K. The

derivatized Au was removed from solution and rinsed with ErOH and H20 prior to

analysis. Cyclic voltammetry established the binding of 3 x 10.10 mol cm -2, or about one

monolayer of I and HI, to Au surfaces. Both species I and D1 are known to form SAMs

on polycrystalline Au.32 3 Au microwire arrays on Si3N4 substrates were made using

standard lithography techniques; the detailed design and fabrication of the "chips"

containing these microstructures will be described in a forthcoming paper.2 Briefly, each

array consisted of approximately 600 parallel Au microwires, each 200 p.m long, 4.8 p.m

wide, 1000 A tall, and separated by 1.2 .m on a flat Si3N4 substrate. On the same chip as

the array were 7 individually addressable Au microelectrodes of the same dimensions.

After a plasma cleaning procedure described previously, the entire chip was immersed in a

I mM EtOH solution of I for 24 hours. The microwire array was removed from this

solution after 24 hours, rinsed with EtOH and H20, and characterized by electrochemistry.

Electrochemical Methods. Electrochemical measurements were carried out with a Pine

Instruments Model RDE-4 bipotentiostat. Voltammetric traces were recorded with a Kipp

and Zonen Model BD 91 XY recorder. Linear sweep cyclic voltammetry of both

derivatized Au slides and Au microwires was performed in 1.0 M NaCIOd--20 at 298 K in

Ar purged solutions. Pt gauze was used as a counter electrode. The reference was SCE.

Integration of the voltammetric traces for each of the 7 addressable Au microwires

demonstrated -3 x 10-10 mol cm "2 of I on each microwire, as has been shown previously)

After characterization, the Au microwire array was removed from solution and rinsed with

copious amounts of H20 and prepared for SEMS analysis.

Secondary Ion Mass Spectrometry. Positive secondary ion mass spectra of SAMs

of I-IV on macroscopic Au films were obtained using a Vacuum Generators IX70S double

focussing magnetic sector SIMS instrument. 25 The spectrometer was calibrated using a

mixture of Csl, Nal, KI, Rbl, and Lil salts dissoved in 3:1 MeOH:H20 and dispersed on a
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Au slide. The primary ion beam consisted of 16 keV Ga + ions generated from a liquid

metal field emission source. Typical primary beam currents measured at the sample were

50 pA over a 10-3 cm2 area, yielding primary beam current densities of 5 x 10-8 A cm-2.

Microwire arrays which were examined electrochemically were prepared for SIMS analysis

by grounding them to an aluminum stage with silver paint. Imaging SIMS was done using

a 16 keV Ga + primary ion beam operating at current densities of roughly I0-5 A cm-2. The

maps obtained are a 256 x 256 pixel image of an approximately 2.5 x 10-5 cm 2 area, with a

dwell time of 500 pts per pixel, so that each map took under 40 seconds to acquire. Base

pressure in the instrument was 10-10 torr, and 5 x 10-9 torr in operation.

Results and Discussion

Figure Ia shows the principal peaks in a typical positive secondary ion mass

spectrum (mass resolution, /Am = 500) of a Au surface derivatized with a monolayer of I

(MW 386). At m/z values below 100, the dominant fragmentation pattern is of the general

form CnHm+, where m is either 2n+I or 2n-1. Peaks at m/z = 56, 121, 186, 197, and 213

are assigned to Fe +, [(C5H5 )Fe]4 , [(C5H 5)2Fe] +, Au + (from the substrate), and

[(C5H)(C5H4 CO)Fe]+ , respectively. The peaks at m/z = 384, 385 and 386 correspond to

parent-like ions of I, [M-H]+ , M+ , and [M+H]. To confirm these assignments, a SIMS

spectrum of a self-assembled monolayer of the deuterium labelled analog of I, species II

(MW 395), on Au was obtained. Comparison of Figure la and lb shows the expected shifts

in the mass spectrum, e.g. 121 to 126, 186 to 195, 213 to 222, 384 to 393, 385 to 394, and

386 to 395.26 No shift is found for peaks attributed to Fe+, Au+, and CnHm+.

Significantly, the detection of the parent-like ions in both spectra indicates the presence of

intact molecules of I or [H on the Au surface. Previous work on LB films 14 ,16 and vapor

deposited organic materials 10 on metals has shown that [M+H]+ and [M-H + fragments,

where M represents a molecular species, are commonly detected by SIMS. In this case, it

may be important that M represents I less 1H, consistent with the accepted mechanism of



thiol adsorption: loss of the thiol proton and formation of a Au-thiolate bond.27 We also

note that one might expect [(CsHs)(CI-H4 )Fe] + (m/z = 185) and [(CsD5)(CsD 4)Fe]+ (m/z =

194) fragments in Figures Ia and b, respectively, due to fracture of the ferrocene-carbonyl

bond. Instead, it appears that the ferrocenyl fragment in both cases abstracts 1H before

detection to make [(CsHs)2FeI + and [(CsDs)(CsD4 H)Fe]+ which are observed at m/z = 186

in Figure la and m/z = 195 in Figure Ib, respectively.

Figures 2a and 2b show the prinicpal peaks in the positive SIMS spectra of self-

assembled monolayers of IT[ (MW 286) and its isotopically labelled analog, IV (MW 324),

on Au. Comparison of the two spectra again reveals the expected peak shifts and allows the

peak assignments shown in Figure 2. The major feature of these data is the CnHm+

fragmentation series, analogous to that shown at low m/z values in Figures I a and I b.

Parent-like ions of HI, (M-H]+ , M+ , [M+H]+ , were observed at 284, 285, and 286 as

shown in 2a, where M is IMl less 1H. The analogous isotopically labelled ions for a SAM of

IV, [M-D] + , M , (M+D]+ , appear at 321, 323, and 325 in Figure 2b. The peaks at 225 in

2a and 229 in 2b are most likely due to reaction of sputtered Au atoms and [C 2H4 ]+

fragments in the so-called selvedge immediately above the sample. Such sputter-ind.ced

reactions are common in SIMS, 5 and we do not think that these peaks represent any

information on the actual chemical structure of the monolayer. Of greater significance are the

peaks at m/z = 482 in Figure 2a and m/z = 520 in Figure 2b, which correspond to the M+

parent ions of Ir and IV plus one Au atom, respectively. Secondary ions of the general

form [M-Au]+ are known from earlier work. 10 More experiments are needed to determine

the significance of the M + and [M+Au]+ peaks, specifically whether these peaks represent the

detection of the thiolate of III and IV. However, together the survey spectra shown in

Figures I and 2 demonstrate conclusively that SIMS can be used to detect the presence of

intact molecules on Au at monolayer coverages.

Our most significant finding is the ability to exploit the high lateral resolution and

sensitivity of SIMS to map the location of a monolayer of I on a microlithographically
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patterned surface. Figure 3 shows chemical maps of Au4 , Si+, Fe+, and [(CsH 5 )Fe]4 for 10

of the roughly 600 microwires on a chip. As noted in the Experimental Section, each map is a

256 x 256 pixel image of an approximately 2.5 x 10-5 cm 2 area, with a dwell time of 500 4ts

per pixel, so that each map took under 40 seconds to acquire. The Au + map highlights the

positions of the Au microwires and the Si4 map shows the corresponding Si3N 4 gaps.

Comparison of all the images shows that the Fe4 and [(C5H 5)Fe]4 maps are in perfect

registration with the Au + map, demonstrating the selectivity of I for Au relative to Si3N4, as

has been shown previously. 3 Control samples which were not derivatized showed 1000

times less signal at m/z = 56 and no signal above noise at m/z = 121. The important point is

that the Fe+ and [(C 5 H5)Fe] maps demonstrate the use of SIMS to map the distribution of a

monolayer of molecules at less than 1 .m lateral resolution. Since each of the derivatized

wires shown in Figure 3 is roughly 1.9 x 10-6 cm 2 (190 p.m2), the Fe+ and [(C5H 5)Fe] +

maps in Figures 3c and d correspond to the detection of roughly 300 million molecules of I

per microwire. As few as 2 million molecules in a 1 m2 area could easily be detected with

our instrument. Furthermore, the [(C5H5)Fe] map in Figure 3d underscores the molecular

sensitivity of SIMS. Elemental mapping at high lateral resolutions (< 0.1 pn) of monolayer

modified microstructures is possible by AES, 1.3,a but such data must be accompanied by

electrochemical or equivalent data to establish the selective binding of intact molecules to the

patterned surfaces. SIMS alone can establish the selective binding of intact molecules of I to

microfabricated structures by mapping the location of the parent ion on such structures. We

re-iterate that each of these images was acquired in a matter of seconds. In contrast, it takes

several hours to obtain equivalent element maps of SAMs on Au microwires by AES. 3

Conclusion

In summary, we have taken advantage of three important characteristics of SIMS,

namely its high lateral resolution imaging capability, its exteme sensitivity, and its ability to

detect molecular species, to demonstrate the selective binding of a monolayer of molecules
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to Au microstructures. We have also used SIMS to generate secondary ion mass spectra of

self-assembled monolayers of molecules I-IV on macroscopic Au surfaces. Isotopic

labelling was used to verify peak assignments. Work in this lab continues on molecular

mapping of microstructures modified with self-assembling monolaycrs and on using SIMS

to obtain structural information about molecuiarly modified surfaces.
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Figures:

Figure 1: Positive secondary ion mass spectra of A.) a monolayer of I and B.) a

monolayer of I on evaporated Au. The values of n refer to the hydrocarbon fragments of

the general form CnHm where m = 2n +1 or 2n - 1. The peak at m/z = 186 in (A) is

[(C5H5 )2 Fe]+, and the peak at m/z = 195 in (B) is the deuterated analog,

[(CsD5)(C5D4-)Fe] +. Both spectra were obtained using a 16 keV Ga primary ion beam

with primary current density - 5 x 10-8 A cm -2. Mass resolution, m/Am = 500.

Figure 2: Positive secondary ion mass spectra of A.) a monolayer of Il and B.) a

monolayer of IV on evaporated Au. The values of n refer to the hydrocarbon fragments of

the general form CnHm where m = 2n + 1 or 2n - 1. Both spectra were obtained using a

16 keV Ga + primay ion beam with primary current density - 5 x 10-8 A cm-2 . Mass

resolution, m/Am = 500.

Figure 3: Elemental and molecular ion maps of 10 Au microwires (Si3N4 substrate)

derivatized with a self-assembled monolayer of I as shown by cyclic voltammetry. A.)

Au4 Map (m/z = 197); B.) Si+ Map (m/z = 28); C.) Fe + Map; (m/z = 56) D.) [(C5H5 )Fe]

Map (m/z = 121). All maps obtained with a 16 keV Ga+ primary ion beam at 10- 5 A cm-2.

Area imaged is 2.5 x 10- 5 cm2 .
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